experienced by the mother plant during seed maturation are known to enhance seed dormancy. In 64 contrast, low temperatures during seed imbibition promote germination (Footitt et al., 2011;  correlation with dormancy levels. Interestingly, DOG1 transcript and protein levels are increased 83 by low temperatures during seed maturation, corresponding with enhanced dormancy levels 84 (Kendall et al., 2011; Nakabayashi et al., 2012) .
85
Here, we report the cloning and analysis of a gene underlying the seed dormancy QTL DOG18, 86 which was identified in crosses of Ler with three other accessions (Bentsink et al., 2010) . DOG18 87 encodes a family member of the PP2C phosphatases named REDUCED DORMANCY 5 (RDO5).
88
We had previously identified this gene based on the low dormancy level of its mutant (Xiang et al., 89 2014). We now show that RDO5 functions as a pseudophosphatase that influences the seed 90 phosphoproteome. DOG18 has extensive sequence variation among accessions and a high 91 frequency of potential loss-of-function alleles with a geographic distribution limited to 92 northwestern Europe. The influence of DOG18 on seed dormancy can be modified by other 8 proteins (Xiang et al., 2014) . Interestingly, introduction of the wild-type Ler RDO5 gene in the
147
An-1 and Cam61 accessions caused a significant decrease in APUM9 transcript levels in both dry 148 seeds and those imbibed for six hours (6HAI) . This suggests that a reduction in 149 APUM9 transcript levels by introduction of a functional RDO5 gene contributes to the enhanced 150 dormancy levels in these two accessions.
151
To identify additional alleles of RDO5, we analyzed sequences from nearly 870 accessions of the loss-of-function RDO5 accessions were determined using a structure analysis, which indicated that 167 the loss-of-function alleles of RDO5 had three different origins ( Figure 4B ) and can be divided in We analyzed seed dormancy in 11 accessions with potential RDO5 loss-of-function alleles and 180 found considerable variation. Several accessions showed high dormancy levels ( Figure 5A ), which 181 was not expected considering the very low seed dormancy of the loss-of-function rdo5-1 mutant 182 (Xiang et al., 2014) . In addition, we observed extensive variation in dormancy within F2 progenies 183 of crosses between the rdo5-2 mutant (in Col background) and the Fei-0 and Lac-3 accessions that 184 contain RDO5 loss-of-function alleles (Supplemental Figure 5 ). These observations indicated that 185 a loss of RDO5 can be compensated by other genetic factors. Besides DOG18, ten additional QTLs 186 for seed dormancy have been found that could be candidates for these factors; among them, the 187 two strongest are DOG1 and DOG6 (Bentsink et al., 2010) .
188
To study the role of DOG1 on dormancy in the absence of functional RDO5, DOG1 protein levels 
201
The restriction of natural loss-of-function RDO5 alleles to a relatively small region of lower seed maturation temperature ( Figure 6A ). This might be caused by enhanced accumulation 206 of DOG1 induced by low temperatures (Kendall et al., 2011; Nakabayashi et al., 2012) . Indeed, the 207 enhanced dormancy level of rdo5-1 mutant seeds matured at low temperatures was lost in the 208 dog1-1 mutant background. This indicated that DOG1 is required to enhance seed dormancy at 209 low temperatures in the rdo5 mutant ( Figure 6A ). Interestingly, in contrast with DOG1, the 210 transcript levels of RDO5 were not affected by low temperatures ( Figure 6B ).
211
Because the RDO5 function is associated with decreased APUM9 transcript levels (Xiang et al., 212 2014), we analyzed APUM9 mRNA levels at both temperature regimes. As previously 213 demonstrated (Xiang et al., 2014) , APUM9 expression level is highly increased in the rdo5-1 214 background, especially in 6HAI seeds. The higher dormancy levels of seeds matured at lower 215 temperatures was associated with reduced APUM9 transcript levels ( Figure 6C ). However, the 216 relation between reduced dormancy and enhanced APUM9 transcription was not observed in the 
219
The relationship of RDO5/DOG18 with DOG6 was assessed by combining the rdo5-1 mutant (in a
220
Ler background) with an introgression from the Shahdara accession containing a strong DOG6 221 allele ( Figure 5D ). Analysis of germination of freshly harvested seeds showed that DOG6 can 222 enhance the dormancy level of rdo5-1, indicating an additive relation between DOG6 and 223 RDO5/DOG18. We also analyzed the APUM9 transcript levels in the NIL DOG6 lines.
224
Interestingly, we found that the enhancement in seed dormancy caused by the NIL DOG6 225 introgression was associated with strongly reduced APUM9 transcript levels, both in the wild type 226 and the rdo5-1 mutant background ( Figure 5E ). This indicated that APUM9 is not specific for the 227 RDO5 pathway, but has a more general role in seed dormancy.
228

RDO5 Functions as a Pseudophosphatase
230
RDO5 is a member of the PP2C phosphatase family and enhances seed dormancy (Xiang et AHG3 caused loss of activity (Rodriguez et al., 1998; Gosti et al., 1999; Robert et al., 2006; 237 Yoshida et al., 2006) . RDO5 also lacks about 40 amino acids in front of the MAPK docking site,
238
which is important for protein interaction (Supplemental Figure 6 , 7 A-B). Gosti et al identified
239
five amino acid substitutions in this region in ABI1 that led to loss of activity indicating that this 240 domain is also important for activity (Gosti et al., 1999) . In addition, RDO5 lacks a tryptophan 241 residue that is involved in the interaction with ABA in most ABA responsive PP2Cs. This may 242 explain why RDO5 does not affect ABA sensitivity (Xiang et al., 2014) .
243
These observations suggest that RDO5 is not a catalytically active protein phosphatase. In respectively. This activity is in a similar range as that of AHG3. These results suggest that RDO5 probably evolved from a functional PP2C phosphatase but has lost its phosphatase activity.
255
Proteins homologous to phosphatases lacking essential amino acids for activity have previously 256 been described as pseudophosphatases or anti-phosphatase proteins that might prevent specific 257 residues from becoming dephosphorylated or phosphorylated by protecting them from real 258 phosphatases or kinases (Reiterer et al., 2014 
263
Imbibition of seeds caused a general decrease in phosphorylation, which was enhanced in the rdo5 264 mutant ( Figure 7B ). In the wild-type NIL DOG1 background 380 phosphorylation sites in 238
265
proteins were significantly decreased after imbibition for 6 hours, whereas 26 phosphorylation is a positive regulator of seed dormancy (Xiang et al., 2014) . Natural variation at this gene has 310 recently been described by the identification of a specific allele, IBO, which has a unique mutation 311 in the Loch Ness accession, probably causing enhanced activity (Amiguet-Vercher et al., 2015) .
312
We identified predicted loss-of-function RDO5 alleles at a relatively high frequency in
313
Arabidopsis accessions from northwestern Europe but could not detect any from other parts of the 314 world ( Figure 4A ). Absence of RDO5 function could be an adaptation to the northwestern
315
European climate of mild temperatures with low fluctuations and evenly dispersed rainfall.
316
Interestingly, the non-dormant phenotype of the rdo5-1 loss-of-function allele can be partially 317 rescued when plants are grown at low temperatures. In addition, RDO5 enhances dormancy but is 318 not essential for it, since accessions with loss-of-function RDO5 alleles vary considerably in their 319 dormancy levels ( Figure 5A ). This is consistent with the relatively weak effect on seed dormancy 320 of the DOG18 QTL compared with DOG1 and DOG6 (Bentsink et al., 2010 acid changes to restore critical residues needed for activity (Figure 7 A, Supplemental Figure 6 ).
342
These observations led us to propose that RDO5 could function as a pseudophosphatase. 
22
We have previously identified the mRNA binding protein APUM9 to act downstream of RDO5 370 (Xiang et al., 2014) . In this work, we identified a general role for APUM9 in seed dormancy that is 371 not restricted to the RDO5 pathway. Factors that enhance dormancy like low seed maturation 372 temperatures and the DOG6 QTL reduce APUM9 transcript levels ( Figure 6C and 5E). Therefore 373 APUM9 might be a common downstream factor of these dormancy pathways. However, APUM9
374 is probably not part of the DOG1 dormancy pathway because its transcript levels are not affected 375 by DOG1 ( Figure 6C ). This again confirms regulation of dormancy by independent mechanisms. Centre. The rdo5-1 mutant was described before (Xiang et al., 2014) and has been obtained in a respectively (Hubisz et al., 2009 
RNA Extraction, RT-PCR, Protein Extraction and Western
Blotting were performed as 439 described previously (Xiang et al., 2014 
Protein Purification and PP2C Activity Assay
450
The coding sequences of RDO5 from Ler and Fei-0, were amplified from cDNA using gene 
Proteolytic Digestion and Desalting
483
Total protein was extracted in buffer containing 100mM TrisHCl (pH 7.5), 3% SDS, 100mM were processed for whole proteome analysis, the rest was subjected to titanium dioxide 500 enrichment. For total proteome analysis, peptides were desalted and pre-fractionated prior 501 LC-MS/MS into three fractions using the Empore Styrenedivenylbenzene Reversed Phase
502
Sulfonate material (SDB-RPS, 3M) as described in detail by Kulak et al. (2014) . 
Supplemental data
567
The following materials are available in the online version of this article. 
609
The expression values were normalized using ACT8 as control. n = 3 biological replicates; error 610 bars represent SE. ECCY is a strong allele and DSY is a weak allele (Nakabayashi et al., 2015) . ( 
